The influence of thermal annealings on La 0.9 Ca 0.1 MnO 3 (LCMO) films in oxygen and in vacuum with low hole doping is investigated in the phase separation region where competition between AFM and FM phases is high. Measurements by x-ray diffractometry, atomic force microscopy and magnetometry reveal changes in the lattice parameters and magnetic properties of the films, depending on the oxygen content. All films show magnetic cluster glass properties with similar freezing temperatures of around 45 K. Clearly the highest increase of the magnetization is observed in the films annealed in vacuum. We attribute this effect to trapping of unpaired electrons at oxygen vacancies where they can form rigid self-trapped magnetic polarons in potential wells of local moments. As a result long-range spin distortions with local ferromagnetic order may be realized. In conformity with these results, photoinduced persistent magnetization showing different mechanisms of generation, depending on the method of thermal annealing, is observed.
Introduction
The mixed valence manganites La 1−x M x MnO 3 with M = Sr, Ca, Ba have attracted much interest because of their colossal magnetoresistance behavior, high spin-polarization of the ground state and magnetic phase separation. These effects are governed by Mn 3+ (3d 4 4+ ions due to hybridization of e g and 2p orbitals [1] . At low values of x < 0.07 La 1−x Ca x MnO 3 (LCMO) is an antiferromagnetic (AFM) insulator, between 0.07 < x < 0.22 it is an insulating ferromagnet (IFM) and for 0.22 < x < 0.5 it is a ferromagnetic metal (FMM). For x < 0.125 small metallic ferromagnetic (FM) clusters are embedded in the IFM phase as observed by NMR [2] , neutron diffraction [3] and magnetic measurements [4] [5] [6] . The phase separation has been attributed to bound magnetic polarons (BMPs) [7] formed by self-trapping of a charge carrier by ferromagnetically oriented local spins. As proposed recently [8] , in two-dimensional (2D) and three-dimensional (3D) Kondo lattice models the range of the spin distortions associated with BMP may greatly exceed the size of the carrier trapping region.
Using magnetic and microwave absorption measurements, increase of the FMM phase was found in low-doped LCMO (x < 0.2) illuminated with red light (E = 1.59 eV) at low temperatures [9] . After switching off the light, the induced magnetization decayed slowly obeying persistent photoinduced magnetization (PPM) behavior [10] which closely resembles the persistent photoinduced superconductivity in low-doped YBa 2 Cu 3 O 6+x [11] . The main optical absorption bands of LCMO are due to the 3d(t 2g ) → 3d(e g ) excitations with a maximum around 1.5 eV and the 2p(O) → 3d(Mn) charge transfer transition around 2.4 eV [12] . Our recent measurements of Mn 3p core level spectra in LCMO films give evidence for a decrease of the Mn 3+ band and an increase of the number of Mn 4+ ions under illumination with red light according to the reaction [13] Mn
Electron hopping within the Mn 3+ -O-Mn 4+ unit is controlled by oxygen stoichiometry [14] .
The oxygen release and absorption lead to lattice expansion or contraction, respectively, due to variations in the Mn ion valence and so the correlation between lattice strain and oxygen content is obvious [15] . Also the magnetic Curie temperature, T C , saturation magnetization and coercivity are parameters depending on the oxygen content and can be adjusted by annealing treatments [16, 17] .
In this work, we investigate the influence of vacuum and O 2 annealing on structural and magnetic properties of LCMO films with x = 0.1. In addition, the effect of illumination on O 2 treated and vacuum treated films is studied in order to understand the role of oxygen vacancies in forming of the PPM state. As a control we use an as-deposited film similar to that used in [10] .
Experimental details
LCMO films of 200 nm thickness were grown on (001) SrTiO 3 (STO) substrates by pulsed laser deposition (PLD) using an XeCl excimer laser (as-deposited films A). Details of the material preparation and the film deposition parameters have been reported elsewhere [18] [19] [20] . In order to increase or decrease the oxygen content of the films, post-annealing treatments were made in flowing oxygen (sample B) and in vacuum (samples C and D), respectively, using the parameters given in table 1. The (001) STO substrate was chosen to obtain minimal lattice mismatch between the film and the substrate. Depending on the Ca concentration x, the lattice mismatch in LCMO films with x = 0.1 grown on (001) STO is +0.5% with tensile strain, while in LCMO with x = 0.33 the mismatch is on average +1.0%. In figure 1 is shown the orientation of the LCMO unit cells deposited on (001) STO.
The surface morphology and microstructure of the films were investigated by atomic force microscopy before and after post-annealing treatments. The texturing, lattice parameters and x-ray peak widths were determined from XRD data obtained by a Philips X'pert MPD system with a Schultz texture goniometer using Cu Kα radiation and an incident Nifilter. On the diffracted beam path a parallel plate collimator with a 0.18
• slit and a 0.04 rad Soller slit were used. In detailed scans, the angle resolutions were 2θ = 0.05
• for the Bragg angle and ψ = 0.1
• for the tilt and rotation φ = 0.1
• of the sample. Texturing was determined from the ψ-φ-scan at (121)/(211) peaks (2θ ≈ 38.4
• ) with ψ = φ = 3
• and the lattice parameters and peak widths were observed from detailed 2D 2θ -φ-scans over the (121) and (211) peaks. These peaks were chosen to avoid overlapping of the diffraction peaks from the sample and the substrate. The XRD data were analyzed by using a 2D Levenberg-Marquardt fitting [21] of Gaussian peaks. The temperature dependence of the magnetization, M, was measured with a superconducting quantum interference device (SQUID) magnetometer after cooling the sample in zero field (ZFC) or in the measuring field (FC) at temperatures between 5 and 300 K. Magnetic hysteresis curves were recorded in a field of B = ±100 mT at 5 K. All measurements were made for the sample in the dark or illuminated through an optical fiber using an Ar ion laser working at λ = 514.5 nm (2.42 eV). The external field B was always oriented along the plane of the films, i.e. along the LCMO [110] axis.
Structural and microstructural investigations

X-ray analysis
XRD analysis revealed no impurity phases and showed full texturing, with the c-axis perpendicular to the film surface (figure 2). The lattice parameters, given in table 2, indicate straining of the films in comparison with the bulk values for La 0.9 Ca 0.1 MnO 3 at 300 K, a = 0.548 nm, b = 0.551 nm and c = 0.778 nm [22] . The diffraction peak widths (full width at half maximum (FWHM)) for the as-deposited films exceeded only slightly the instrumental peak widths, indicating a fairly relaxed lattice. As shown in table 2, thermal annealing in oxygen (sample B) adds oxygen in the lattice and contracts the unit cells, whereas annealing in vacuum (C, D) removes oxygen from the lattice and expands the unit cell. Because the perovskite manganites have a stable structure in the oxygen stoichiometric phase [23] , the shortening of the lattice parameters can be explained by an increase of the Mn 4+ /Mn 3+ ratio by oxygen absorption, since the cationcation bond is larger than the cation-oxygen-cation bond [24] . As the ionic radius of Mn 3+ (0.07 nm) exceeds that of Mn 4+ (0.05 nm), each replacement of Mn 3+ by Mn 4+ reduces the volume of the unit cell. To maintain the balance of the charge, each oxygen ion oxidizes two Mn 3+ ions to Mn 4+ causing a decrease of 0.04 nm in the lattice parameters. Opposite to this, when oxygen is added in the MnO 6 octahedra, there is an increase of 1/6 i.e. 0.02 nm of oxygen ionic radius (0.12 nm) in the lattice parameter. In the former process, which is more prominent, the lattice parameters decrease with increasing O 2 content. Similarly, release of oxygen from the structure increases the size of the unit cell.
All heat treatments widen the diffraction peaks (table 2) due to more strained lattices and/or differences in the unit cells across the film. As can be seen in figure 2(D), the peak shape changes, especially during vacuum treatment, from a simple Gaussian to a shape with a wide base in the φ-scan. The changes due to conversion of Mn 3+ to Mn 4+ are likely to be more pronounced at the surface of the film than near the substrate, where straining of the lattice is stronger. This increases the distribution of the volume and tensile strain in LCMO unit cells. Both of these effects widen the diffraction peaks. It is good to notice that due to the tensile strain by the substrate, the unit cell volume, V , of LCMO is reduced in as-deposited thin film structures when compared to bulk or single crystal values [25] . The ratio of the integrated intensity between the peaks originating from the substrate and from the film are preserved, showing that the film thickness does not change much due to annealing.
Surface morphology and microstructure
Typical atomic force microscopy images of the LCMO films are shown in figure 3 . The films (a) have square shaped grains oriented along the crystallographic [110]-direction of LCMO and show quite good connectivity. The average width of the growth islands is about 300 nm and the grain height on the surface is between 2 and 10 nm. Annealing in oxygen (b) increases the size of the grains, in particular their height is increased up to 50 nm and the islands become roundish and randomly oriented. The samples treated in vacuum (c) have grains of width 100-200 nm which is smaller than in the as-deposited films, while the grain heights are only a couple of nanometers as in the as-deposited films. The basic structure is also smoother, the islands are fused together and are now oriented along the LCMO a/b-axes, having small pores penetrating towards the substrate. As shown in table 3 O 2 -treatment increases the surface roughness, while annealing in vacuum has a much smaller influence on the morphology of the films. The increase of the surface roughness in the previous case may be ascribed to large inhomogeneities erected upwards from the surface [26] . Values of the surface roughness determined from images can be expressed by the equation [27, 28] 
where L is the length over which the roughness is measured, t is the time and α and g are the roughness and growth exponents, respectively. Because we are interested in static roughness, t is much longer than the saturation time t sat ∝ L α/g , and so we can write R rms ∝ L α . The R rms values are given in table 3 together with α, which usually varies for thin manganite films between 0.4 and 0.6. The relatively small values of α indicate that our films are not nucleated with a pure 3D island growth mode but approach monolayer to monolayer growth [29] [30] [31] . The differences in annealing times (table 1) are most likely responsible for variations of the values of α.
Magnetic properties
Temperature and magnetic field dependences
As shown previously, in La 0.9 Ca 0.1 MnO 3 the amount of FMM phase inside the IFM matrix can be increased by illumination with light [9, 10] . In the present work we discuss the influence of post-deposition annealing in oxygen or in vacuum on structural and magnetic properties of La 0.9 Ca 0.1 MnO 3 films in dark and under illumination. The as-deposited samples (A) are similar to those studied in [10] and are presented here for comparison. The M ZFC (T ) and M FC (T ) curves shown in figure 4 are found to deviate from each other at a temperature depending on the way of cooling the sample (ZFC or FC in 20 mT field) or whether it was illuminated or not before the measurements. In unilluminated samples A and B there is a broad maximum in the M ZFC (T ) curves around a freezing temperature, T f ≈ 45 K, below which the difference of M FC (T )-M ZFC (T ) starts to deviate from zero while M FC (T ) is almost temperature independent. This kind of behavior is typical of magnetic cluster glasses with weak intercluster interactions which can be confirmed by ac susceptibility measurements. In comparison with the asdeposited film, the magnetization is nearly doubled in the film B while T f is shifted only slightly. This means increasing of the number of magnetic clusters in film B with similar moments as in film A. As a result of illumination, the value of the difference M FC (T )-M ZFC (T ) which is related to anisotropy of the shape and orientation of magnetic clusters becomes zero due to growth of M ZFC (T ) at T < T f . As shown in table 4, the magnetic Curie temperature T C of the asdeposited film A is 89 K. Annealing the film in oxygen [32] . The virgin M(B) curves, measured at 5 K up to B = 100 mT are shown in figure 5 . Although the as-deposited and the oxygen treated films show practically linear field dependence without illumination, vacuum annealings result in FM type virgin curves. The linear initial magnetization curve M(B) presented for films A and B in figure 5 in dark and the slight upturn seen after illumination can be attributed to competition between AFM and FM domains [33] . After the first vacuum treatment (film C) the magnetization is not yet saturated at B = 100 mT. The second vacuum treatment (film D) leads to a steeper increase of the M(B) curve than observed in the as-deposited and oxygen treated films and the magnetization is nearly saturated around B = 100 mT. Because we have not found any impurity phases in these films and according to surface analysis shown in figure 3 there is a clear difference in the size of the grains, we could explain the differences between the samples by the magnetic domain size and by the size and movements of domain walls in similar oxides [34, 35] .
According to our XPS results [13] on pristine La 1−x Ca x MnO 3 (x < 0.2) films illuminated with red light, manganese ions can adopt 2+, 3+ and 4+ valence states (see equation (1) [36] . The inhomogeneity caused by differently coupled Mn-Mn pairs increases the spin disorder, resulting in local magnetic fluctuations which may lead to an increased number of small FMM clusters.
In figure 6 are shown the magnetic hysteresis loops measured at 5 K between −100 and 100 mT for the films (A-D). The oxygen annealed film (B) has the most open loop, in terms of the coercivity field, B C , and annealing in vacuum (C-D) shrinks and sharpens the loop. After the first vacuum treatment (C), the magnetization is not saturated in the low field region as observed after the second vacuum treatment (D). In as-deposited and oxygen treated films A and B the hysteresis loops can be closed completely by illumination, but the vacuum annealed films are much less influenced. The sample A behaves similarly to the as-deposited samples in [10] . The values of B C and the ratio of M rem /M max (100 mT) are shown in table 4. It is noteworthy that when the FM component has been increased by vacuum annealing, the photoinduced effect is much smaller or even lacking (D), because the maximum ferromagnetism has already been reached by the optimum Mn 4+ /Mn 3+ ratio induced in vacuum treatment [32, 37] . As shown in figures 2 and 5, the corresponding changes are seen also in the XRD and in the virgin curve measurements. Large surface roughness of O 2 -annealed films indicates the presence of more defects in the films that may act as magnetic pinning sites and therefore increase the coercive field [38] . This is in accordance with our atomic force microscopy results (table 3) showing that the oxygen treated films have the largest surface roughness and highest B C without illumination (table 4, figures 6(c) and (d)).
Photoinduced persistent magnetization
As shown by the solid lines in figure 7 the growth and relaxation of the persistent photoinduced magnetization PPM can be fitted with a stretched exponential law known as the Kohlrausch expression,
where τ (T, B) is a characteristic time and the exponent β is a dispersion parameter 0 < β < 1. Comparison for vacuum treated samples is made by using our earlier data in the as-deposited film of [10] . The exponents β g and β r (indices g growth and r relaxation) in equation (3) are related to growth and relaxation of the PPM, respectively. These exponents have been analyzed earlier in detail for as-deposited La 0.9 Ca 0.1 MnO 3 films [10] and the value of β g ≈ 0.43 in a 20 mT field used in this work is close to the 3/7 predicted for charge transfer processes induced by phonons in the presence of randomly distributed traps [39] . For the vacuum annealed film D we find a clearly smaller exponent β g = 0.18. For relaxation of M ill in film A the value of β r = 0.3 is found and for the vacuum annealed film D we get β g = 0.18 and β r = 0.29 corresponding to the relaxation of M ill with β r = 0.3 in film A. The time dependence of PPM observed in LCMO resembles the photoinduced superconductivity in oxygen-deficient YBa 2 Cu 3 O x films [11, 40] where the photoexcited electrons are believed to be trapped at oxygen vacancies in oxygen chains, hindering the recombination of electrons with photoholes located in the superconducting CuO 2 planes [41] . Slowly relaxing resistivity has been reported also in illuminated (La, Ca) MnO δ films.
Discussion
Increasing of the oxygen annealing temperature of optimally hole doped-La 0.67 Ca 0.33 MnO 3−δ usually increases the values of M and T C [42] . In comparison with the δ = 0 films, our as-deposited films with T C < 100 K are oxygen deficient and have a large AFM component. On the other hand, when δ < 0 the lattice decreases the value of T C and broadens the magnetic transition region because of increased lattice disorder [42] . Also significant differences have been observed in the values of M and the transition widths for LCMO with δ = 2.90 and 2.85 [38] . A simple calculation gives in La 0. figure 5 , annealing the as-deposited films in oxygen at a sufficiently high temperature (≈800
• C) raises the values of M and T C . Vacuum annealing is a reducing process which can lead in LCMO films with Ca (x = 0.33) to a strain-dependent release of oxygen from the lattice [15] . An increase of Mn 2+ concentration has been observed by x-ray absorption spectroscopy (XAS) and x-ray photoelectron spectroscopy (XPS) measurements when oxygen vacancies are formed by vacuum annealing [43] . Because most Mn-O-Mn pairs are AFM coupled in low-doped LCMO, the charge transformation in the vacuum annealed samples can produce more Mn 4+ ions by hole formation, in agreement with the measurements of M in figure 5 . In thin films the surface effect is remarkable and the presence of dynamic Mn 2+ can be understood by the valence instability of the Mn 3+ ions which creates both Mn 4+ and Mn 2+ species [43] . Our results give evidence that short term vacuum annealing at moderate temperature (700
• C) is a more effective way to increase the FM phase in low-doped LCMO films than long term annealing at higher temperatures in oxygen. Observation of ferromagnetism has been reported in nanoparticles of several oxides where oxygen deficiency results from film growth conditions without using any doping [44] as well as in HfO 2 , TiO 2 and In 2 O 2 films [45] . It has been suggested that ferromagnetism in oxide compounds may be formed by trapping of unpaired electrons at oxygen vacancies (F-center mechanism) [46] .
The clear difference of β g for the films A (0.46) and D (0.18) gives evidence that the growth of PPM in these two types of films is governed by different mechanisms. A small value of β r has been associated with short-range relaxational channels formed by spatial inhomogeneities [47] in a sample. Our results suggest that in the D film a large number of oxygen vacancies potentially able to trap electrons are created. Photoinduced changes in microwave permittivity give evidence for the expansion of the FMM phase in low-doped LCMO under illumination [9] . The spin of the trapped electron (ferron core) [7, 48] has been predicted to form in manganites a rigid self-trapped magnetic polaron consisting of a ferromagnetic core surrounded by spin distortions decaying in the 3D case as a 4 /r 4 where a is the radius of the magnetic polaron and r is the distance [8] . This process is in accordance with increase of ferromagnetism in our oxygen-deficient manganites.
The magnetoresistance manganites can be regarded as charge transfer materials with a value of band gap of the order of a few electron volts [49] where the states of O and Mn ions should be defined by some order of covalency. It is generally believed that electronic excitations in oxides containing 3d cations are transferred from oxygen to metal cations. In agreement with experimental observations [12] , analysis of one center transitions in manganites [50] suggests that there exist O 2p-Mn 3d dipole transitions with broad absorption bands between 1.2 and 3.2 eV with maxima around 2.0 eV, allowing transfer of an electron into Mn 3+ .
The hole located in a non-bonding 2p orbital can interact ferromagnetically with the 5d shell. As a result, a nominally Mn 2+ ground state would be formed in agreement with equation (1) and contribute to an increase of the FM phase in the sample. This process is supported by observations of persistent photoinduced magnetization M ill in our samples with growth exponent 0.46 in equation (3), matching well with the value of 3/7 predicted for charge transfer processes [39] . Such an approach would allow the transfer of an electron from oxygen to the Mn 3+ ion forming a douple exchange interaction pair Mn 2+ -O-Mn 3+ which can contribute to an increase of the FM phase. This mechanism may be involved in the A and B films containing oxygen but would be strongly reduced in the vacuum annealed samples, in agreement with our experimental results.
Conclusions
Structural and magnetic properties La 0.9 Ca 0.1 MnO 3 films are investigated before and after subjecting them to postdeposition thermal annealings in oxygen atmosphere or in vacuum. Compared with the as-deposited films, increasing the oxygen by thermal annealing practically doubles the magnetization of the films while the magnetic cluster glass behavior shown in the original films below 100 K is preserved. Even a much stronger increase of the magnetization can be obtained by annealing the films in vacuum. This behavior is attributed to an increased number of oxygen vacancies capable of trapping single electrons to form self-trapped magnetic polarons with neighboring moments.
Persistent photoinduced magnetization, excited by green light is observed in the as-deposited and in oxygen annealed LCMO films in external magnetic field. In this spectral region strong dipole-allowed O 2p-Mn 3d charge transfer transitions occur. The photoinduced magnetization is explained by the non-bonding oxygen 2p hole having a wide orbit and ferromagnetic interaction with the Mn 3d shield. The ground state of this excitation is a high-spin Mn 2+ state, in conformity with equation (1) . This process is supported by the observation that in vacuum annealed LCMO samples depleted of oxygen the photoinduced magnetization M ill is weak or completely missing. Also the growth exponent β g = 0.46 of the stretched exponential law in equation (3) for M ill agrees with the prediction 3/7 for charge transfer systems.
